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Reactions of O"^ with C„H2n+2. n=2-4: A guided-lon beam study 
Dale J. Levandier,^'''* Yu-hui Chiu,^' and Rainer A. Dressier 
Space Vehicles Directorate, Air Force Research Laboratory, Hanscom AFB, Massachusetts 01731 
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We have measured absolute reaction cross sections for the interaction of O"*" with ethane, propane, 
and n-butane at collision energies in the range from near thermal to approximately 20 eV, using the 
guided-ion beam (GIB) technique. We have also measured product recoil velocity distributions 
using the GIB time-of-flight (TOF) technique for several product ions at a series of collision 
energies. The total cross sections for each alkane are in excess of 100 A^ at energies below ~2 eV, 
and in each case several ionic products arise. The large cross sections suggest reactions that are 
dominated by large impact parameter collisions, as is consistent with a scenario in which the many 
products derive from a near-resonant, dissociative charge-transfer process that leads to several 
fragmentation pathways. The recoil velocities, which indicate product ions with largely thermal 
velocity distributions, support this picture. Several product ions, most notably the €2!!^ fragment 
for each of the alkanes, exhibit enhanced reaction efficiency as collision energy increases, which can 
be largely attributed to endothermic channels within the dissociative charge-transfer mechanism. 
© 2004 American Institute of Physics.   [DOI: 10.1063/1.1667459] 

INTRODUCTION 

Our interest in the reactions of ethane, propane, and 
«-butane with O"*" derives largely from the effort to under- 
stand the effects of exposure of spacecraft to the low-Earth 
orbit (LEO) environment, in which this ion is the most abun- 
dant. In particular, these gas-phase reactions are intended to 
provide a basis for understanding the origin of polymer ero- 
sion at LEO conditions. An overview of the phenomena ob- 
served in ion-organic surface interactions was given by 
Cooks et al.^ Other areas of interest are hydrocarbon com- 
bustion, where reactions of air plasma ions with alkanes may 
be important,^'^ and reactions in planetary atmospheres."* 

Exothermic charge-transfer reactions of small alkanes 
have been the subject of a number of studies, ~ in part to 
investigate the characteristics of the exothermic charge- 
transfer process itself, as well as to shed light on the frag- 
mentation channels observed when the alkanes are 
ionized.'""*'* Further, reactions of alkanes with ions in which 
charge transfer is endothermic have also been studied 
extensively.^-'-'^'"^ 

Charge transfer is exothermic for the three 0'''('*S) reac- 
tion systems of the present study :*^ 

0+(4S3/2) + n-C4Hio(X)-^0(V2) + n-C4H+(X), 

0+(%2) + C2H6(X)^0(3p2)+C2H+(X), 

A£=-2.09 eV, (1) 

0+(%/2) + C3H8(X)-^0(3p2) + C3H8+(X), 

A£'=-2.67 eV, (2) 

"*AIso at Institute for Scientific Research, Boston College, Chestnut Hill, 
MA 02159. 

""^Author to whom correspondence should be addressed. 

A£:=-3.09 eV. (3) 

These collision systems therefore may be expected to be 
dominated by charge-transfer effects, as has been observed in 
a selected ion flow tube-drift study by Praxmarer et al.,^ in 
which reactions of these same alkanes with a range of ions 
were examined. It is interesting to note, however, that a large 
number of reaction channels that may be characterized as 
involving formation of OH (abstraction) or of C-O bonds 
(insertion) are more exothermic,*^ however, these channels 
have so far not been observed.'* 

In this paper, we present the detailed results of a guided- 
ion beam (GIB) study of 0"'"('*53/2) reactions with ethane, 
propane, and n-butane, in which we have measured absolute 
reaction cross sections at near-thermal to hyperthermal colli- 
sion energies and recoil velocity distributions of product ions 
at selected collision energies. The latter are particularly im- 
portant for distinguishing whether the products are associ- 
ated with a chemical reaction or merely a dissociative 
charge-transfer process. 

EXPERIMENT 

The instrument used in this study has been discussed in 
detail previously,'' so only a brief description is given here. 
An rf octopole ion guide is located between the two mass 
filters in a tandem mass spectrometer. The ion guide has two 
stages, the first octopole of length 7.4 cm and the second of 
length 16.7 cm, and passes through a 3.5-cm-long collision 
cell located so that its exit is at the junction of the two oc- 
topole stages. Ions are conveyed from the first mass filter to 
the first octopole stage, and from the second octopole stage 
to the second mass filter by injection and extraction lens 
systems, respectively. 

0021 -9606/2004/120(15)/6999/9/$22.00 6999 © 2004 American Institute of Physics 
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Electron impact on CO2 is used to generate O"*" ions via 
dissociative ionization. The primary ion beam is produced in 
almost exclusively^"-^' (>99%) the ground state 0"^(''5) by 
keeping the electron energy at —20 eV, which is 2.3 eV 
below the appearance potential for 0''"(^D). Primary ions are 
mass selected in the first mass spectrometer and are then 
injected into the first octopole at the desired kinetic energy. 
Unreacted primary ions and ions produced in reactions with 
the target gas in the collision cell pass into the second octo- 
pole, which is typically biased 0.4-0.5 V below the first 
octopole to aid in the extraction of thermal product ions from 
the cell. At the exit of the second octopole, primary and 
secondary ions are injected into a quadrupole mass filter for 
mass analysis. Secondary reactions in the collision cell, ow- 
ing to the large cross sections for reactions of smaller hydro- 
carbon ions (fi-agments, here) with alkanes,^^ are minimized 
by maintaining target gas pressures in the range of 0.08-0.10 
mTorr, and by periodically turning off the rf potential to 
allow trapped low-energy ions to escape the octopole 
volume.^' It must also be noted that the acceleration of ther- 
mal ions into the second octopole operated at a lower bias 
potential than the first also significantly reduces secondary 
reactions with background gas. The ion-beam energy is 
known to better than ±0.1 eV, with beam spreads typically 
of —0.25 eV full width at half maximum, as measured by the 
retarding potential method and by time of flight. 

As described previously,'^ absolute cross sections are 
determined by integrating the mass spectrometer signal in- 
tensities for the product and transmitted primary ions, moni- 
toring the pressure of the target gas, and using the low- 
density limit of the Lambert-Beer expression. Due to 
discrimination of higher masses at high mass resolution in 
the second mass filter, the cross sections for individual prod- 
uct masses were measured at high mass resolution (baseline 
separation of product masses), to obtain product branching 
ratios, then these results were scaled to cross sections mea- 
sured at sufficiently low mass resolution to eliminate the 
discrimination. Errors in the absolute cross sections, based in 
part on periodic calibration of the apparatus using the ac- 
cepted standard reaction, Ar"*" -I-D2—> ArD"*" -I- D, "'^^ are esti- 
mated to be of the order of ±30%. 

Product ion time-of-flight (TOP) spectra are measured 
by pulsing the primary ion beam, using a 3-5 jjs ion beam 
pulse width, and measuring the flight time of product ions 
arriving at the detector. A ring-shaped electrode, surrounding 
the octopole at the entrance of the collision cell, is kept at 
—100 V above the dc potential of the first octopole so that 
the small penetrating field (—0.1 V) reflects thermal product 
ions with "backwards" laboratory velocities. Very slow ions, 
which would otherwise result in a background signal in sub- 
sequent pulse cycles, are eliminated at the end of each cycle 
by briefly turning off the octopole rf potential. 

Ethane (CP) was obtained from Scientific Gas Products, 
and propane and n-butane (UHP) from Matheson; the gases 
were used as delivered. 

RESULTS 

Figures 1-3 show the absolute cross sections for the 
ionic products of reactions of O"^ with C2H6, C^Ug, and 

5 10        15 

Collision Energy [eV] 

20 

FIG. 1. Absolute cross sections for product ions derived froin O* + ethane 
reactions as a function of collision, or relative, energy (Ej). The product ion 
masses (and their plot symbols) are 14 amu (C). 26 amu (•), 27 amu (A), 
28 amu (O), 29 amu (•), and 30 amu (O). Note that these plot symbols are 
used to represent the same ion masses throughout this work. The soUd curve 
is the total O* +elhane cross section, the heavy dashed curve is the calcu- 
lated Langevin-Gioumousis-Stevenson (LGS) cross section, and the large 
diamond symbol represents the cross section derived from the Ihennal rate 
constant for O* + ethane (Ref. 18). 

n-C4Hio, respectively, at collision, or relative, energies (Ej-) 
from near thermal to —20 eV. In each case the total and 
Langevin-Gioumousis-Stevenson^'' (LGS) cross sections 
are shown, and in Fig. 1 the result derived from the thermal 
rate constant for 0"^-t-C2H6, determined in a flowing after- 
glow experiment at 298 K by Mackay et a/.,'* is also indi- 
cated. The total O"*" -I-C2H6 cross section agrees with the ear- 
lier work to within the combined limits of experimental 
error. The LGS cross sections are somewhat larger than the 
total cross sections at the lowest energies where capture dy- 
namics apply. Figures 2(b) and 3(b) show the cross sections 
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FIG. 2. Absolute cross sections for product ions derived from O^ + propane 
reactions as a function of collision, or relative, energy (Ej). The product ion 
masses (and their plot symbols) are 14 amu (S=). 26 amu(0), 27 amu (A), 
28 amu (O), 29 amu (•), 30 amu (O), 39 amu (0), 40 amu (♦), 41 amu 
(A), 42 amu (E), 43 amu (■), and 44 amu (*). Note that these plot 
symbols are used to represent the same ion masses throughout this work. 
Panel (a) contains the cross sections for the more efficient charmels, as well 
as the total (solid line) and LGS cross sections (heavy dashed line). Panel 
(b) contains the cross sections for the minor charmels. 
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FIG. 3. Absolute cross sections for product ions derived from 
O* +/i-butane reactions as a function of collision, or relative, eneigy (Ej). 
The product ion masses (and their plot symbols) are 26 amu (#), 27 amu 
(A), 28 amu (O), 29 amu (•), 30 amu (O), 39 amu (0), 40 amu (♦), 41 
amu (A), 42 amu (■), 43 amu (■), 56 amu (V), 57 amu (▼), and 58 amu 
(i). Note that these plot symbols are used to represent the same ion masses 
throughout fliis work. Panel (a) ccntains the cross sections for the more 
efficient chaimels, as well as the total (solid line) and LGS cross sections 
(heavy dashed line). Panel (b) contains the cross sections for the minor 
chaimels. 

for the minor channels of the reactions with the two larger 
alkanes. None of the cross sections is corrected for the natu- 
ral deuterium abundance. 

For all systems the total cross sections become fairly 
independent of collision energy above 5 eV. At these ener- 
gies, the magnitudes of the total cross sections are approxi- 
mately 120, 80, and 90 A^, for ethane, propane, and 
n-butane, respectively. Table I indicates the product ion 
masses detected for each of the alkanes, as well as their 
branching fractions (expressed as a percentage) at 0.1 eV. 
Also shown in Table I are the chemical formula for each 
product ion mass and reaction energies, assuming that the 
reactions are dominated by a dissociative charge-transfer 
mechanism (see Discussion, below). In the remainder of this 
paper, indicated reaction energies for channels of interest are 
relative to the respective reagents in reactions 1, 2, and 3. In 
several instances, reaction energies in the text are denoted by 
"^" to indicate the lowest possible energy pathway, since a 
given product ion may arise by different mechanisms and 
may involve products with several possible isomers. 

The cross-section data for the individual product ions 
from each of the alkanes merit closer inspection. In Fig. 1, 
for reaction with ethane, the largest cross sections corre- 
spond to C2H4 and C2H^ , and have an energy dependence 
similar to the weaker channel associated with the charge- 
transfer product ion, C2H6 . The cross sections for the 
C2HJ, C2HJ, and CHJ products exhibit an enhancement 
with collision energy. In the case of C2H^, the present data 
indicate that this channel proceeds with measurable effi- 
ciency at the lowest collision energy studied, whereas the 
smaller channels do not, instead displaying a threshold be- 
havior. 

These two general trends are also observed for the reac- 
tions with propane and n-butane, respectively. In Fig. 2(a), 
the four largest product cross sections in reactions of propane 
at low energies lead to formation of €2!!^ , €31!^ , C2H^ , 
and C3H6 , and have the same general energy dependence as 

TABLE I. Branching fractions (%; upper line), for £j-=0.1 eV, and reaction 
energies (eV; lower line), assuming the dissociative charge-transfer mecha- 
nism (see Discussion), for the observed product ions resulting from reac- 
tions of O* with C2Hg, C3H8, and n-C4H,o. The mass (amu) and formula 
are given for each product ion. The values in parentheses for the 28- and 
29-amu products of ethane reactions are the branching fractions from pre- 
vious work (Ref. 18). 

Mass/formula C,H. C-iHs n-CiHii 

14/CHj ~0 
0.85 

~0 
0.96 

26/C2HJ ~0 
1.02 

~0 
0.46 

~0 
0.59 

27/C2H3 1 
1.04 

1 
0.50 

1 
0.44 

28/C2H; 65 (70) 
-1.70 

13 
-2.26 

13 
-2.13 

29/C2H5+ 32 (30) 
-1.14 

63 
-1.67 

19 
-1.73 

3O/C2H6+ 2 
-2.09 

<2 
2.16 

~0 
-1.11 

39/C3H3* ~0 
0.87 

1 
0.35 

4O/C3H4'" ~0 
-0.86 

<3 
-1.41 

4I/C3H5* <2 
-0.47 

28 
-0.99 

42/C3H: 4 
-2.60 

6 
-3.14 

43/C3H7+ 14 
-2.00 

20 
-1.66 

44/C3H8" 1 
-2.67 

56/C4H8^ ~0 
-3.33 

57/C4H9'" 8 
-2.86 

58/C4H+ 1 
-3.09 

the charge-transfer product cross section in Fig. 2(b). In con- 
trast, the cross sections for C2H^ in Fig. 2(a) and C2HJ, 
C3H^, C3H4 , and CH^ in Fig. 2(b) show enhancement 
with increasing collision energy. As in the ethane experi- 
ment, the C2H^ cross section indicates non-negligible effi- 
ciency at low energy, and increases to a relatively large value 
at the highest collision energies. 

For butane [Fig. 3(a)] the largest product cross sections 
at low energy are CjH^ , CjH^ , CzH^ , C2H^ , C4H^ , and 
C^U^ . The energy dependences of these products are similar 
to that of the C4Hj'^ charge-transfer product. The C2H^ cross 
section in Fig. 3(a) exhibits the same behavior as is seen for 
the smaller alkanes. For production of C^H^ , in Fig. 3(b), 
the cross section shows a similar enhancement with collision 
energy, while the other minor products, €2!!^, C2Hg , 
C3H4 , and C4H^, have cross sections that do not clearly 
follow either of the trends described above. 

The present results do not show evidence for oxygen 
insertion products. To help confirm the assignment of the 
product ion masses to hydrocarbon species, with no oxygen 
insertion, we conducted a study with perdeuteropropane, 
C3D8. Mass spectra of secondary ions were recorded at 
0"'" + C3Dg collision energies of 0.4 and 11.7 eV, the results 
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50 

FIG. 4. Comparison of mass spectra for reactions of O* with CjHj and 
CjDg at (a) 0.4-eV and (b) 11.7-eV collision energies. The sets of arrows 
indicate corresponding pairs of normal and perdeutero products, confirming 
the assignment of hydrocarbon formulas to the observed product masses. 
The vertical dashed lines, in (a) and (b), delineate the indicated expansion of 
signal scale at higher mass. 

of which are shown in Figs. 4(a) and 4(b), respectively. To 
obtain better signal levels at the higher masses, these data 
were obtained at somewhat lower mass resolution than was 
used for the other results presented here. The C2H4 product 
may be taken as an illustrative example. The masses of this 
ion and of C0+ [A£2=-3.8eV (Ref. 17)] are the same, 
however, in the reaction with the perdeuteropropane, the cor- 
responding product is clearly shifted to the C2D4 mass, with 
negligible signal at the mlz = 2% location. Similarly, CjW^ 
and HCO+ [A£s= -5.8eV (Ref. 17)] have the same ma-sses, 
but the perdeuteropropane reaction indicates production of 
the corresponding deuterated ethyl ion. Similar arguments 
support the assignment of the larger products. The mass 
spectral data also indicate ~10%C3HD7/C3Dg impurity, 
which does not interfere with the current analysis. 

Figures 5-7 show the TOF results for selected products 
of reactions with ethane, propane, and «-butane, respectively. 
The data, transformed from the TOF measurements, are dis- 
played as product ion laboratory velocity distributions for 
velocity components parallel to the incident ion beam, v[g^. 
The velocity distributions are of arbitrary scale, normalized 
so that the maximum amplitude is set at 100. For each target 
gas, spectra were obtained at low, medium, and higher colli- 

£T.= 1.0eV 

4000 

1000 2000 3000 4000 5000 6000 

£T.= 12.0eV 

C,H; 

Utttmummmm^— 
2000       4000       6000 

Laboratory Velocity, v'.^^ 
8000 

[m/s] 
10000 

FIG. 5. Time-of-flight data for the indicated product ions derived from 
reaction of O* + ethane, at collision energies of 1.0, 3.26, and 12.0 eV. The 
data have been transformed to the laboratory velocity frame. The dashed 
vertical line, in each plot, indicates the velocity of the center of mass of the 
collision system. In the top plot, the arrow indicates the maximum possible 
laboratory velocity for elastically scattered CjH^ . In the middle plot, the 
arrows indicate the maximum forward and backward velocities, with respect 
to VcM. for CjHj , assuming that 1.04 eV of the collisions energy is con- 
verted to internal energy and that dissociation occurs with zero recoil 
energy. 

sion energies, where the medium energy was chosen to cor- 
respond to a relative velocity of 7.8 km/s, typical of low- 
Earth orbit interactions. In each spectrum, the vertical dashed 
line represents the velocity of the center of mass of the col- 
liding system, VCM' which constitutes the origin of the 
center-of-mass reference frame. That is, taking the direction 
of the primary ion beam as forward in the center-of-mass 
frame, product ions with laboratory velocities in excess of 
VcM exhibit recoil velocities in the forward hemisphere, 
while slower ions are backscattered. 

In Fig. 5, for ethane reactions at 1.0 eV, TOF results are 
shown for two of the ions whose cross sections decline with 
collision energy at low energies, C2^t ^nd C2HI. The 
C2H6 velocity distribution is clearly bimodal, with a low- 
velocity component and a substantial contribution from 
faster ions that is peaked near VCM • The arrow in this plot 
cortesponds to the maximum laboratory velocity of elasti- 
cally scattered C2H6 . The dip at low laboratory velocity 
may be due to secondary reactions which, due to residence 
time, would most affect the lowest velocities. 

The C2H4 TOF data for ethane reaction at 1.0 eV are 
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FIG. 6. Time-of-flight data for the indicated product ions derived from 
reaction of O * + propane, at collision energies ofl.0,3.67,andll.0eV. The 
data have been transformed to the laboratory velocity frame. The dashed 
vertical line, in each plot, indicates the velocity of the center of mass of the 
collision system. Note that the velocity spectra are normalized so that their 
maxima equal 100. 

15 
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FIG. 7. Time-of-flight data for the indicated product ions derived from 
reaction of O^ -t-n-butane, at collision energies of 1.0, 3.9, and 11.8 eV. The 
data have been transformed to the laboratory velocity frame. The dashed 
vertical line, in each plot, indicates the velocity of the center of mass of the 
collision system. Note that the velocity spectra are normalized so that their 
maxima equal 100. 

dominated by the thermal component, with only a small 
faster contribution that tails to the forward direction. At the 
higher collision energies studied, the fast component for this 
product diminishes with respect to the dominant thermal por- 
tion, as would be expected if the former involved complex- 
mediated collisions. TOF data for the CjH^ product were 
obtained at the higher collision energies and, along with a 
large thermal contribution, show a persistent fast component 
even at 12.0 eV collision energy. The faster component ap- 
pears to evolve from having a significant proportion of 
forward-scattered intensity at 3.26 eV collision energy to 
predominately backscattered intensity at the higher collision 
energy. The faster component also appears to increase in 
relative intensity, with increasing collision energy, compared 
to the thermal component, which suggests a correlation with 
the increasing part of the C2H^ cross section (Fig. 1). 

For propane reactions at 1.0 eV, TOF data are shown in 
Fig. 6 for two of the products with larger cross sections, 
C3H^ and C2H4 . In either case, the TOF spectrum is domi- 
nated by a thermal component, with a small faster compo- 
nent. The faster component is weaker for the CsH^ channel. 
For CsH^ at the higher collision energies, the fast tail essen- 
tially gives way to the thermal component. The TOF data for 

C2H^ from propane reactions at the higher collision energies 
show behavior similar to that seen in the ethane case, a 
dominant thermal constituent and a persistent faster compo- 
nent, however, the trend towards backscattering of the non- 
thermal contribution occurs already at 3.67 eV. 

The top frame in Fig. 7 shows TOF data for two of the 
prevalent products deriving from n-butane reactions at 1.0 
eV collision energy. The 03!!^ and C3HJ ions again show 
the dominant thermal component, with a marginal faster 
component. At higher energies, the C^Hj behavior parallels 
that seen for the same product of the propane reactions. As 
for the two smaller alkanes, the C2H^ product of n-butane 
reactions, at the higher energies, exhibits TOF spectra with a 
significant fast component, which trends towards back- 
scattering at the highest energy studied. 

DISCUSSION 

The cross sections presented above support the picture 
that reactions of O"*" with ethane, propane, and n-butane are 
dominated by a dissociative charge-transfer (DCT) mecha- 
nism. In this scenario, interactions involve a quasiresonant 
electron transfer occurring at primarily large impact param- 
eters, with negligible momentum transfer between colliding 
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CnH2„.3^ <     *" CAn/ 
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C   H    + C' 

-H, 
C   H    + 
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,   e' 
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d' 
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C   H + 
-CH4 
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FIG. 8. Dissociative charge-tiansfer reaction scheme used to account for all but a few minor product ions observed in the O^ + CjH^/CjHg/n-CjHio 
reactions. The essential features of the dissociation pathways comprise either an initial simple bond cleavage (left side) or a four-center reaction (right side), 
with subsequent fragmentations involving loss of Hj. The primed and nonprimed letters denoting the various channels are inserted in the text, in parentheses, 
where the relevant channels are discussed. 

C„.2H^/ 
f   . 

C.2H2„/ -H/ 

moieties. Since 0('D) formation is spin forbidden it may be 
expected that nearly all of the reaction exothermicity, indi- 
cated in Eqs. (l)-(3), resides in the nascent alkane ions, thus 
imparting internal energies to the charge-transfer product 
ions that are above their respective dissociation limits. The 
DCT mechanism accounts for the very large total cross sec- 
tions and the general form of their energy dependences, de- 
creasing with collision energy at near-thermal energies and 
leveling-off at higher collision energies. The same mecha- 
nism has been proposed to explain the results for studies of 
other ions reacting with ethane, propane, and n-butane where 
charge transfer is also exothermic.^"' 

Fragmentation pathways for the DCT mechanism are 
outlined for the present systems in Fig. 8. Such paths have 
been elucidated in photoionization or electron impact ioniza- 
tion studies of the alkanes, from which fragmentation break- 
down curves as a function of ionization energy are derived 
for ionized ethane, propane, and n-butane.'"'^^"^^ Each of the 
larger individual cross sections shown in Figs. 1-3 results 
from a single fragmentation step of the charge-transfer prod- 
uct alkane ion, involving either a simple bond cleavage [loss 
of -H, -CHj, -CzHj, reactions (a), (c), and (e), in Fig. 8] or 
a four-center reaction [loss of H2, CH4, C2H6, reactions (b), 
(d), and (f), in Fig. 8].^^ The loss of H2 from ionized ethane, 
the most efficient channel in the present reaction of ethane 
and in the electron impact ionization mass spectrum of 
ethane,^ has been of particular theoretical'^'^^ and 
experimental"'^' interest because the transition state indi- 
cates migration of an H atom between carbon atoms. 

This initial fragmentation step accounts for the produc- 
tion of C2H5+ (la) and C2H4'' (lb) from ethane, C3H7+ (2a), 
CjH^ (2b), C2H5+ (2c), and CjH^ (2d) from propane, and 
C4H^ (3a), C3H7+ (3c), C3H^ (3d), C2H5+ (3e), and CjH^ 
(3f) from n-butane. All of the associated DCT processes are 
exothermic. In reference to ionization breakdown curves, the 
threshold or appearance energy of these fragments is less 
than the recombination energy of the oxygen atom, 13.618 
eV." The very minor channel, C4H^ (3b) from n-butane, 
however, does not follow the magnitude and energy depen- 
dence of the other one-step fragmentation products. 

Further dissociation of these "primary" DCT product 
ions depends on whether they are produced with sufficient 
energy to undergo subsequent fragmentation. Such secondary 

fragmentations are regarded as occurring typically by the 
four-center reactions that result in loss of H2 (all "primed" 
reactions in Fig. 8).'° Of the above list of primary DCT 
products, only the CsH^ and C3HI ions, from both reactions 
2 and 3, can have sufficient internal energy following a reso- 
nant charge-transfer process to allow this subsequent frag- 
mentation. For C3H^ , the resulting "secondary" dissocia- 
tion yields C3H^, for which the reaction energies are Af 
= -0.47eV and A£=-0.99eV, in propane (2a) and 
n-butane (3c) DCT reactions, respectively. As seen in Fig. 3, 
the C3H5 channel is the dominant reaction pathway for re- 
action 3, and also exhibits a cross section whose energy de- 
pendence is similar to those of the single-step DCT products. 

By contrast, although the production of CsH^ via DCT 
in reaction 2 is exothermic, the appearance energy for this 
ion, derived from photoionization of propane,^*'^" is slightly 
higher than the O* recombination energy. This may be re- 
lated to the significantly smaller cross section for C3H^ in 
reaction 2. The yield is significant, nevertheless, and stresses 
the point that it cannot be assumed a priori that dissociative 
photoionization branching ratios are equivalent to those of 
corresponding resonant DCT processes.^' The small but non- 
negligible cross section of this two-step product may be re- 
lated to the fact that the production of C^Yit, by DCT in 
reaction 2 involves an intermediate primary fragmentation 
step (2a), in which one of the recoiling partners is a hydro- 
gen atom that is necessarily in the ground state due to its 
high-lying excited states. The C3H^ intermediate fragment 
ion therefore contains all the remaining available energy, ex- 
cept for the primary fragmentation recoil energy (i.e., 
2.0 eV-£„„„). 

Very similar arguments may be used to account for the 
behavior observed for the C3H^^C3H4-fH2 secondary 
fragmentation for reactions 2 (b) and 3 (d). For DCT, the 
reaction energies for these channels are A£'= -0.86eV and 
A£=-1.41eV, respectively. These products, however, are 
much weaker, which could be related to the significantly 
smaller precursor C3H^ cross sections in comparison with 
C3H7 . 

Of the observed products that cannot be ascribed to di- 
rect charge transfer, or the exothermic DCT channels dis- 
cussed above, two general classes may be discerned. The 
first includes the C2H2 (b') and C2H^ (a') products of reac- 
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tion 1, C2HJ (d'), C2H3+ (c'), and C3H3+ (a"), from reaction 
2, and C2HJ (e') and C3HJ (c") from reaction 3. Except 
possibly for the last of these product channels, these ions 
belong to the second trend in energy dependence seen among 
the cross sections, namely the enhanced reactivity with in- 
creasing collision energy, which is consistent with an endot- 
hermic mechanism. The necessary energy transfer can occur 
either through low-impact parameter collisions or through a 
nonadiabatic mechanism in which broadening of the nascent 
charge-transfer product state distributions occurs as the col- 
Usion energy is increased.^^ Thermal energy (^0.05 eV) 
ion-alkane reaction studies have found that the C2H^ ion is 
the main product in reactions of these alkanes with ions 

6 7 
whose recombination energies are at least 15.6 eV, * 
whereas C2H^ is undetected for recombination energies not 
greater than 14.51 eV,^'* including O"^.^^ This last point may 
be reconciled with the present results, in part, by considering 
that the very small amount of C2H^ we observe at the lowest 
collision energies may be less than the flowing afterglow 
detection Umit. The nonzero cross sections at the lowest en- 
ergies of this work suggest that, since the DCT pathway is 
endothermic, a chemical reaction initiates the formation of 
C2HJ at these energies. This reaction, producing OH by hy- 
dride abstraction and discussed in detail below in conjunc- 
tion with the recoil velocity analysis, is sufficiently exother- 
mic to produce C2H^ with enough internal energy to 
dissociate by loss of H2. We note that C2H^ produced by 
this mechanism in the earlier flowing afterglow O"*" -I- C2H6 
study,'* in which C2H^ is not observed, may be subject to 
collisional deactivation. 

The second general class of product channels, which 
represent minor pathways that do not fit into the exothermic 
DCT picture outlined in Fig. 8, include CH^, from reactions 
1 and 2, and C2H^ , from reactions 2 and 3. The cross sec- 
tions for CHJ have the same general energy dependence as 
the endothermic DCT channels, and would require a "gemi- 
nal," or three-centered, loss of CH4 and C2H6, respectively. 
By comparison, the production of this ion in ethane and pro- 
pane reactions, through a reactive mechanism that produces 
the corresponding alcohol, is exothermic (A£=-3.05eV 
and A£:=-3.19eV, respectively). The negligible CHJ sig- 
nals at die lowest energies of this work, however, suggests 
that chemical reaction does not occur, and may be associated 
with a large barrier. A similar analysis of the C2H6 products 
is not possible due to their small yields, the accuracy of 
which are affected by important interferences from the natu- 
ral deuterium abundance in the prominent C2H5 products. 

The TOF data are generally consistent with the interpre- 
tation that DCT dominates the reaction of O^ with ethane, 
propane, and «-butane. In the case of the nondissociative 
charge-transfer C2H6 product from ethane, the recoil veloc- 
ity distribution at 1 eV in Fig. 5 involves purely two-body 
scattering, and therefore relates directly to the details of the 
collision events. The slow component in this spectrum is 
consistent with the tiiermal velocities expected for ions re- 
sulting from large impact parameter, long-range charge trans- 
fer, with no momentum ti-ansfer. The faster portion peaks 
near I^CM' and appears to involve similar amounts in the 
forward and backward directions, suggesting that these ions 

derive from a longer-lived complex, the formation of which 
should follow an LGS (Ref. 24) energy dependence of 
£^^^. The importance of complex-forming collisions would 
give rise to the initial steep decline in cross section with 
collision energy. 

The peaking near VCM suggests that many of these col- 
lisions involve substantial conversion of kinetic to internal 
energy, with the concomitant small recoil velocities. The ar- 
row in this plot corresponds to the maximum forward veloc- 
ity of elastically scattered C2H^ . Only the tail of the C2H^ 
velocity distribution extends to this point, confirming that 
substantial conversion of collision energy to internal energy 
occurs in the complex-mediated mechanism. Since C2Hg is 
metastable, with respect to loss of H2, when excited to en- 
ergies exceeding 0.39 eV, it is somewhat surprising that ions 
resulting from substantial transfer of the 1 eV translational 
energy, in addition to the 2.09 eV exothermicity, should be 
observed. A possible explanation is that the surviving ethane 
ions are formed in the spin-forbidden channel, leading to 
0('D) with an excitation energy of 1.97 eV.^^ These argu- 
ments are consistent with the fact that the nondissociative 
charge-transfer cross sections of propane and n-butane are 
significanfly smaller, given the substantially higher exother- 
micities. 

The remainder of the TOF spectra pertain to ionic prod- 
ucts that derive from interactions resulting in three or even 
four recoiling moieties, assuming the DCT mechanism. 
Therefore drawing conclusions based on these data must rely 
on the assumption that the ions arising Irom fragmentations 
do so with negligible recoil velocity in the secondary and 
tertiary processes. In studies on electron impact ionization of 
propane, fragment processes for singly charged propane ions 
were found to exhibit quasithermal kinetic energy releases,''' 
so this suggestion may be reasonable. This assumption is not 
as important in cases where dissociation results in the loss of 
light neutral fragments (H,H2), which carry off most of the 
recoil velocity. 

The TOF spectra for C2H4 from reaction 1 (Fig. 5), 
C2H4 and CjH^ from reaction 2 (Fig. 6), and C3H^ and 
C3H^ fi-om reaction 3 (Fig. 7), at the various collision ener- 
gies, are dominated by large thermal components, which 
would be expected for these exothermic DCT channels 
where reaction may occur at long range, with no momentum 
transfer. These TOF spectra indicate very httle contribution 
from the smaller impact parameter collisions, whether 
complex-mediated or "rebounding," that give rise to faster 
products (in the laboratory frame). The same behavior, not 
shown here, was observed for the C2H^ product from each 
of the three reactions. 

The TOF spectra for the C2H^ product, for each of tiie 
alkanes, provide some evidence that this ion derives prima- 
rily by the endothermic DCT mechanism indicated above. 
For example, in Fig. 5, the C2H^ TOF spectra for ethane 
reactions at 3.26 and 12.0 eV clearly indicate a significant 
fast component, in the laboratory frame. The evolution of the 
fast component from forward and backward, at 3.26 eV, to 
purely backward, at 12.0 eV, and the increasing integral cross 
section, is indicative of an endothermic process where larger 
impact parameters transfer the necessary translational energy 
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to internal energy as the collision energy increases. The ar- 
rows in the 3.26 eV TOF data of Fig. 5, which encompass the 
fast CjH^ component, indicate the maximum forward and 
backward velocities for this ion, with respect to VQM . assum- 
ing that the necessary 1.04 eV of the collision energy is 
converted to internal energy and that dissociation occurs with 
zero recoil velocity. 

The significant C2H^ component at velocities lower than 
the minimal allowed DCT laboratory velocity suggests that 
these ions can be attributed to a process initiated by a chemi- 
cal reaction, the most likely being hydride abstraction to 
form 0H+C2H^. Hydride abstraction adds an additional 
4.4 eV to the exothermicity of the corresponding DCT 
mechanism (e.g., yielding O+H+C2H5+) and thus, for each 
alkane studied here, can produce alkyl ions with sufficient 
energy to fragment to C2H^. Moreover, this reaction may 
occur in a stripping mode, in which the H~ is transferred 
without substantial momentum transfer,^'' resulting in strong 
backscattering of the product ions, as observed here. In re- 
actions of C+ + C2H6 (Ref. 15) and CD^ + CzHe/CjHg (Ref. 
34) systems in which charge transfer is endothermic, hydride 
abstraction proceeds by just this mechanism. In the latter 
experiments,^'' the large impact parameters implied by this 
direct mechanism are born out by very large cross sections 
(of the order of 40-50 A^ at £?•= 1 eV) for hydride abstrac- 
tion, other channels being relatively minor. In the former 
work,'^ the strong backscattering was accompanied by ki- 
netic energy release in excess of the spectator stripping 
model.-'^ This was ascribed to the "induced repulsive energy 
release"'^ that derives from the small skew angle'^ charac- 
teristic of the potential-energy surface for the heavy-light- 
heavy mass combination, which governs the energy parti- 
tioning in the exit channel. In the present work, hydride 
abstraction in 0'^+ ethane collisions (skew angle=17.5°) is 
exothermic by 5.6 eV, and even conversion of as much as 
60% of this energy to product recoil energy would still allow 
dissociation of the strongly backscattered C2H^, to give 
C2H3 +H2. For the reactions studied here, hydride abstrac- 
tion could explain both the non-negligible cross section for 
the C2H3 product at low collision energy, and the strongly 
backscattered (thermal) component observed in the TOF 
spectra. 

CONCLUSION 

Absolute cross sections for reactions of O* with ethane, 
propane, and «-butane have been measured as a function of 
collision energy in the near-thermal to hyperthermal collision 
energy range. All three systems have very large total cross 
sections over the entire investigated collision energy range, 
signifying efficient long-range charge transfer that produces 
alkane ions with internal energies comparable to the exother- 
micity. The cross sections, along with time-of-flighl mea- 
surements for several product ions at a range of collision 
energies, have been interpreted in the framework of a disso- 
ciative charge-transfer mechanism. A large fraction of the 
observed channels can be summarized by the DCT scheme 
outlined in Fig. 8. 

Very little evidence is found for complex formation and 

chemical reaction. The nondissociative charge-transfer reac- 
tion of ethane shows the strongest evidence for the formation 
of a complex associated with efficient translational energy 
transfer. It is suggested that these products, as well as possi- 
bly all nondissociative charge-transfer products, are the re- 
sult of a spin-forbidden charge-transfer reaction producing 
excited oxygen atoms, 0('D). The nonzero cross section of 
the endothermic DCT product, C2H^ , at near-thermal colli- 
sion energies, as well as a minimal momentum transfer com- 
ponent observed in the recoil velocities, suggest that some of 
these ions are produced in hydride abstraction reactions. 
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